In this investigation surface treatment of titanium is carried out by plasma ion implantation under atmospheric pressure plasma in order to increase the adhesive bond strength. Prior to the plasma treatment, titanium surfaces were mechanically treated by sand blasting. It is observed that the 
Introduction
Titanium has many desirable features in terms of high temperature properties, excellent strength to weight ratio, and good corrosion resistance [1] . Therefore, presently, titanium is one of the most effective materials for structural application of spacecraft and aviation. Titanium alloys are widely used in solid rocket booster cases, guidance control pressure vessel and other different applications demanding light weight and reliability.
Titanium alloys are extensively employed in solid rocket booster cases, guidance control pressure vessels and a wide variety of applications demanding light weight and reliability [2] .
The aerospace industry is also a larger market for titanium products primarily due to exceptional strength to weight ratio, high resistance to elevated temperatures and corrosion [3] .Now a days adhesive bonding is the preferred joining technique for titanium structures, where as in the past focus was more on welding and riveting. There are numerous advantages for this technology, such as continuity of adhesive bond which allows more uniform distribution of stresses in the bonded area and the fact that most commonly used titanium alloys demonstrate poor weldability. However, for the adhesive bonding the surface treatment appears to be the critical factor in order to generate a good bond strength and long term durability [4] .
The principle objective of this study is to improve the adhesive bond strength of titanium sheets which are bonded together using high temperature resistant polyimide adhesive. For improving the performance of adhesive bonding of titanium for aerospace and space climatic conditions, it is necessary to modify the surface of titanium [5] . The main area of environmental attack on a polymer metal bond is at or close to the adhesive or primer/oxide interface resulting in adhesive failure. To prevent adhesive failure, it is desirable to transfer the locus of failure from the adhesive/adherent interface to within the adhesive, explicitly to cohesive failure [6] .
It is reported that for titanium alloy such as TiAl6V4, typical treatment methods are mechanical, chemical or even electrochemical [7] .The frequently used method is chromic 8/22/2011 acid anodizing [8] . Surface roughening followed by plasma ion implantation technology has emerged as a promising alternative solution for the surface treatment of titanium, since it is simple and environment friendly [7] .
The properties of oxide films on metals are important in a number of surface phenomena, such as adsorption, localized corrosion and adhesion of organic coatings [9] .The surface treatment leads to changes in the oxide chemistry resulting in a direct influence on the subsequent bonding behavior with organic functional groups [10] .
Based on this consideration, this study investigates surface modification phenomena of titanium by mechanical treatment under grit blasting followed by atmospheric pressure plasma treatment. Characterization of titanium surface after grit blasting is carried out by contact angle measurement. Surface roughness of the grit blasted samples was measured by surface roughness profiler. Physico-chemical characterization of surface modified titanium was carried out by surface energy measurement and SEM studies. Finally, the lap shear tensile strength is carried out to measure adhesive bond strength of surface modified titanium.
Experimental

Materials
In this investigation, a titanium alloy Ti 6Al4V of AMS4911 Grade 5 supplied by AmEuro Metals BV Netherlands is used. The chemical composition of this titanium alloy according to chemical composition test result by manufacturer is given in Table 1 . Two test liquids with known surface energy, de-ionized water and formamide were used to determine the polar and dispersion components of surface energies of titanium through measurement of contact angle by the sessile drop method. In this investigation the following three types of titanium samples were studied:
(i) As received titanium Samples
(ii) Grit blasted titanium Samples using alumina grits of mean size 50 micron (iii) Grit blasted titanium modified under atmospheric pressure plasma
Prior to modification of titanium, the substrates were sequentially cleaned in acetone, methyl alcohol and de-ionized water by an ultrasonic cleaning method.
Mechanical Treatment
The mechanical treatment was carried out in order to increase the macro roughness of titanium by using alumina grit (Edel korund white) in a grit blasting chamber.
The alumina grits bag with mean grain size of 150 micron was supplied by Unicorn b.v.
The apparatus used was a Unicorn ICS b.v cabinet, rectangular in shape and has a selfcontained, sealed glove box for powder recycling. The spray gun consists of a 708 lpm carbide nozzle and a 708 lpm air jet housed in a large bronze gun. A blasting angle of 90° was used during treatment. The grit blasting device was operated manually. To ensure repeatability and consistency in the grit blasting operation, the time spent for blasting substrate was selected as 30, 60, 90,120and 150 seconds. Five samples were prepared for each treatment time. After Grit blasting, ultrasonic washing of samples with acetone and ethanol was carried out to remove any loose particles of alumina grit.
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Atmospheric Pressure Plasma Treatment
Atmospheric pressure plasma treatment was carried out on grit blasted and ultrasonically cleaned titanium surfaces. Titanium samples were exposed to atmospheric pressure plasma under a TIGRES Plasma-BLASTER MEF. In this investigation, the treatment distance of substrate from nozzle head of plasma equipment was 10 mm and the gas used for treatment was air with a total flow rate of 51 l/min at a pressure of 4.5 bars.
The plasma surface treatment time was gradually increased from 5 minutes to 15 minutes in order to find lowest contact angle with increasing time of exposure.
Contact Angle Measurement and Surface Energy Estimation
The surface energy and its polar and dispersion components were calculated using contact angle measurements. Contact angles were measured using a Modular "CAM 200-Optical contact angle and surface tension meter" with de-ionized water and formamide as liquid. The surface energy and its polar and dispersion components for all samples were calculated using the following equation [11] 
In equation (1)  components are known and listed in table 2 [12] . Table 2 Polar, dispersion and total surface energy of test liquids  as given in Equation (2):
Surface Roughness Measurements
Surface roughness of untreated, mechanically treated and mechanically treated followed by atmospheric pressure plasma treated titanium samples was measured using a Wyko NT 3000, surface roughness Profiler. With Wyko profiler, surface roughness can be measured with out contacting it.
Adhesive Joint Preparation and Tensile Lap Shear Testing
Tensile lap shear tests were performed using the standard ASTM D-1002-01. was carried out using a computer-controlled testing machine, Zwick 250KN static test machine, and a load cell of 100 kN. The specimens were loaded in tension at a test speed of 2 mm/min. five specimens were used for each material. All tests were performed at 22 0 C and at 50% humidity.
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Microscopic Studies of Substrate Surfaces and Fractrography
Scanning electron microscopy was used to study the surface texture of titanium samples before and after treatment. Fracture surface of the adhesive bonded joint after lap shear test was also analyzed by scanning electron microscopy. Images were obtained using a JEOL JSM-7500F field emission scanning electron microscope (FE-SEM).
Results
Contact Angle on Surface Modified Titanium
Contact angle measurements of de-ionized water and form amide after 30, 60, 90, 120,150 seconds grit blasted titanium surfaces are shown in figure 1 . The figure reveals that the contact angle decreases with increasing treatment time of grit blasting and appears to be reach minimum level of 25 degree with de ionized water, and 14 degrees with form amide after 120 sec of grit blasting. 
Scanning Electron Microscope Images
As received titanium samples, grit blasted samples and grit blasted followed by atmospheric pressure plasma treated samples were analysed using SEM in order to understand the change in surface with various treatments and shown in Fig. 6 (a), 6 (b) and 6 (c) respectively.
A difference in surface roughness of as received titanium surface and grit blasted titanium surface were clearly observed in SEM images as shown in figure 6 (a) and 6(b). The figure reveals that there is a remarkable increase in surface roughness after grit blasting of titanium. However, there is no distinct change in the surface roughness of titanium when it is subjected to atmospheric pressure plasma treatment as shown in Fig6(c).
Fig. 6(a)
As received titanium alloy after ultrasonic cleaning with ethanol X1500 magnification 
Lap shear test analysis
Discussion
The present investigation was carried out to justify qualitatively and quantitatively the effect of mechanical grit blasting and atmospheric pressure plasma treatment on the surface energy of titanium alloy leading to improved adhesion characteristics of bonded joints with polyimide adhesive. The influence of surface treatment of titanium on bond strength is also studied.
Mechanical grit blasting and plasma treatment for surface modification is used to produce hydrophilic surfaces on metals [13] .
Untreated titanium alloy surfaces are covered with organic impurities, inhibitors, and degassing agents used during casting and rolling of the alloy. Titanium surfaces therefore do not posses the desired surface properties to form strong adhesive bonds. They are less reactive in nature due to contamination on the surface, and in general exhibit insufficient adhesive bond strength due to relatively low surface energy as shown by the contact angle and surface energy measurements [14] . Therefore, in order to improve the surface energy of titanium, the titanium surface was modified by grit blasting followed by atmospheric pressure plasma treatment. The contact angle and surface energy of grit blasted titanium improves with increase in grit blasting time. SEM analysis and surface roughness measurements with a Wyko surface roughness profiler of a Grit blasted surface indicates that the increase in macro roughness is one of main factors for the increase in surface energy which leads to an increase in over all area available for contact between adhesive and metal surface. Mechanical treatment of Titanium surface attributes to increase in area for adsorption of adhesive on metal surface. After grit blasting, the improvement in adhesive bond strength was confirmed by single lap shear tensile tests.
Atmospheric pressure plasma treatment on mechanically modified titanium surface, leads to much lower contact angle and ultimately further increase in surface energy which resulted in more improvement of adhesive bond strength. Electrochemical behaviour of titanium surface could be an important factor resulting in weakening the interface of titanium-adhesive [15] . XPS analysis of commercial titanium alloy carried out by Panousis et al [7] reveals that there is high percentage of carbon and silicon before plasma treatment resulting from presence of contaminated layer on titanium surface. Panousis et al performed low pressure plasma treatment on titanium surface in vacuum .XPS analysis of low pressure plasma treated surface indicates that there is an increase of percentage of oxygen and percentage of carbon and silicon decreases [7] .it is expected that atmospheric pressure plasma treatment has same kind of effect on titanium surface as low pressure plasma. These results suggest that due to plasma treatment there is extensive cleaning on titanium surface resulting in increase in surface energy of titanium after plasma treatment. Due to atmospheric pressure plasma exposure, TiA6V4 surface cleaning from organic contaminants and surface functionalization take place. Further, activated oxygen radicals in the outer layer of titanium could be attributed to increase in surface energy [7] . Therefore, after atmospheric pressure plasma treatment, increase in surface energy is primarily due to formation of chemical functionalities and secondarily due to increase in surface roughness. It is well established that carbonyl groups in the polymers act as the major electron donor component. Lee et al has proved that basicity of polymers strongly correlated with its carbonyl group mole fraction [16] .It is expected that the carbonyl group present in the polyimide adhesive could make strong a Lewis base interaction with the titanium surface. Therefore, atmospheric pressure plasma treatment on titanium, essentially removed organic contamination followed by an increase of Lewis acid titanium oxide resulting in formation of extra chemical bonds leading to significant increase in adhesive bond strength as demonstrated in figure 7 .Due to these extra chemical bonds the mode of failure also shifted from metal-adhesive interface to within adhesive during tensile test.
Conclusions
Titanium surfaces are mostly contaminated with impurities and organic materials.
In order to increase the bond strength of titanium with high performance adhesive it is necessary to carry out cleaning of the surface. This can be done by mechanical treatment like grit blasting which resulted in increased adhesive bond strength due to increase in contact area between titanium and adhesive. Atmospheric pressure plasma treatment further removed organic impurities layer and is supposed to increase the amount of activated oxygen radicals at the titanium surface. These oxide radicals who are highly acidic in nature and react with carbonyl basic groups present in polyimide adhesive. It is shown that grit blasting followed by atmospheric pressure plasma treatment leads to significant increase in adhesive bond strength. Due to surface modification of titanium, locus of failure has shifted from metal polymer interface to within the adhesive.
